Several indirect methods for measuring body composition in a large herbivore, the southern hairy-nosed wombat (Lasiorhinus latifrons), were evaluated. Body composition was determined by whole-body chemical analysis of 15 wild-caught wombats, and compared with several indices of body fat: total body water measured by isotope dilution, bioelectrical impedance analysis (BIA), body-mass index, and a bodycondition score. Total body water and total body fat (by soxhlet analysis) were highly correlated (r 2 = 0.97, intercept s.e. = 1.00). Total body water measured by desiccation was highly correlated with isotope dilution space (r 2 = 0.97, intercept s.e. = 0.43 for deuterium; r 2 = 0.95, intercept s.e. = 0.44 for H 2 18 O). Percentage body fat by soxhlet analysis was highly correlated with total body water measured as deuterium dilution space (r 2 = 0.83, intercept s.e. = 2.46). Multiple linear regression models using BIA plethysmograph measurements (resistance and impedance) and total body mass, were successful in predicting body fat (r 2 = 0.90, s.e. = 1.99) and total body water (r 2 = 0.90, s.e. = 1.64). Isotope-dilution techniques are the most accurate means of indirectly measuring total body water and total body fat, but at considerable expense of time and money. BIA offers reduced accuracy but at less cost and may be useful for measuring changes in body composition in populations of herbivores. Body-condition indices and scores correlate poorly with body fat, suggesting that their application as a means to predict body fat is limited.
Introduction
Body composition and body condition are terms used to describe the wellbeing of vertebrates. Body composition is defined as the quantification of ingesta-free components of the animal: water, fat, protein and ash or minerals (Robbins 1983 ). An accurate measurement of body composition can be obtained only through direct carcass analysis but it can be estimated indirectly. The definition of body condition is more problematic. It relies on the assumptions that an attribute of ÔconditionÕ exists in an individual and can be measured (Krebs and Singleton 1993) ; that body condition is a good indicator of nutritional status (Anderson et al. 1990; Batzli and Essecks 1992) ; and that individuals of higher body condition have increased fecundity, lower mortality and are able to cope better with whatever environmental conditions are encountered (Brochu et al. 1988; Krebs and Singleton 1993) . Body condition can also refer to the physical appearance of the animal. For the purpose of this study, body condition is defined as variation in body composition from a mean value.
Most studies on body composition and condition focus on body fat and assume that fat is directly related to the overall energy balance of the animal. Also, fat storage is considered to be favoured by natural selection, particularly if the organism is likely to experience food shortages (Batzli and Essecks 1992) .
Body condition has traditionally been measured non-destructively by means of various ratios of body mass to body dimensions (Krebs and Singleton 1993; Norgan 1994; Arnould 1995) and visual estimates of condition (Gallivan et al. 1995) . Other estimates of body condition require destructive sampling, and include the kidney fat index (Holand 1992 ; van Rooyen 1993) , fat content of bone marrow (Ransom 1978) and depth of fat on the back (Brown et al. 1995) as does the direct measurement of body composition. Clearly, destructive techniques for the measurement of body condition and composition are inappropriate in many ecological studies.
Indirect studies of body composition that estimate size of the body-water pool by in vivo isotope dilutions are more common and rely on the fact that percentage size of the body-water pool is generally inversely proportional to percentage or mass-specific body fat in many species (Sheng and Huggins 1979) . Water enriched in isotopes such as tritium ( 3 H 2 O), deuterium ( 2 H 2 O) and oxygen-18 (H 2 18 O) offer reliable measures of body water in many species, but they may not apply to large herbivores where a large proportion of total body water is incorporated in the contents of the gastrointestinal tract.
Development of fast and reliable measures of body composition has received an increasing amount of attention with the use of bioelectrical impedance analysis (BIA) and total body electrical conductivity (TOBEC). BIA, originally developed for the study of human body composition, has recently been applied successfully to a number of domestic animals such as lambs (Berg and Marchello 1994) , pigs (Swantek et al. 1992) and cattle (Marchello and Slanger 1994) , and is now being used in ecological and management studies on seals (Gales et al. 1994; Arnould 1995) and bears (Farley and Robbins 1994) . BIA offers the promise of a rapid, fieldportable, relatively inexpensive means of predicting body composition. It operates under the premise that the conduction of an electrical current is dependent upon body fluids and electrolytes, with the conductivity being greater in fat-free mass than in body fat (Lukaski et al. 1986; Kushner 1992) . BIA is therefore an estimate of total body water, and must include the large proportion of body water associated with the gastrointestinal tract of herbivores. This study aimed to assess the accuracy of BIA, along with other measures of body composition and body condition, in a relatively large herbivore, the southern hairy-nosed wombat (Lasiorhinus latifrons).
Materials and Methods

Study Animals
This research was approved by the Experimentation Ethics Review Committee of James Cook University and conforms with the Australian Code of Practice for the care and use of animals for scientific purposes. Fifteen southern hairy-nosed wombats (eight females, seven males) were captured by ÔstunningÕ (Robertson and Gepp 1982) in the Murraylands population in South Australia. A high velocity .22-calibre bullet was fired just above the wombatÕs head while the animal was held in the beam of a spotlight. The wombat could not identify the direction of approaching sounds, allowing a chaser with a net to capture it. Once captured, wombats were placed in sacks, weighed and anaesthetised (ZoletilÔ 100, 5 mg kg Ð1 administered by intramuscular injection). Body length, head length, chest girth, pes length and tibia length were measured.
Animals were held for measurement of isotope dilution space and bioelectrical impedance, and then killed by an injection of a sodium pentobarbitone (LethabarbÔ). Each animal was shaved, the gastrointestinal tract (including contents) removed, and the carcass was stored at Ð20¡C. Mesentery associated with the gastrointestinal tract was removed and kept with the carcass. Two collections of wombats were undertaken, one in spring (eight animals: four females and four males) and one in summer (seven animals: four females and three males) to maximise the range of body composition included in the study. Differences in body fat and body mass between the sexes and collection time was examined by ANOVA.
Chemical Analysis
The carcass, minus the gastrointestinal tract and its contents, was homogenised in a whole-animal grinder. Subsamples (100 g wet weight) of the homogenate were freeze-dried in triplicate to determine dry-matter content and, consequently, the total water content of the carcass. Subsequent chemical analysis (protein, fat and ash: g per 100 g), was performed on the freeze-dried homogenate. Carcass fat was determined by petroleum ether extraction in a soxhlet apparatus (Helrich 1990 ). Protein was determined by a semi-micro-Kjeldahl technique with a selenium catalyst. Recoveries of ammonium were checked against ammonium sulphate standards and were in the range of 99.7Ð101.6%. Ash content was determined by combustion in a muffle furnace at 550°C.
The gastrointestinal tract was analysed separately. Contents of the tract were removed, and the empty tract was weighed and then homogenised in a commercial meat grinder. Sub-samples of the homogenate were freeze-dried to determine the dry-matter content.
Further subsamples were ground in liquid nitrogen with a mortar and pestle to a fine powder. Freezing in liquid nitrogen reduced potential loss of fat from the subsample by creating a brittle substance that allowed efficient grinding. Protein, ash and fat were analysed by the techniques described above. Hair samples were analysed for protein, fat and ash in the same manner as for the carcass and gastrointestinal tract. Carcass, gastrointestinal tract and hair analyses were combined to provide measures of total body composition.
Measurement of Total Body Water
Total body-water pool was determined by isotope dilution, using water labelled with deuterium ( 2 H 2 O) and oxygen-18 (H 2 18 O). Blood samples (1 mL) were collected from anaesthetised wombats prior to isotope injection to provide background levels of 2 H 2 O and H 2 18 O. Isotopes (0.5 mL) were injected intraperitoneally and allowed to equilibrate for 4 h. Previous studies have shown that equilibration of the isotope with the body-water pool occurs within this time (Wells 1973; Evans, unpublished data) . After equilibration, a further 1 mL of blood was collected for determination of isotope dilution space.
To determine whether the isotopes equilibrated evenly throughout the body, 1-mL samples of gut water were obtained at the time of dissection by syringe from seven individuals and compared with the blood values by a paired t-test. Standard isotope-ratio mass-spectrometry methodology was used to analyse isotopes, after blood samples had been vacuum distilled to dryness, following the methods of Vaughan and Boling (1961) . Least-squares linear regression was used to determine the relationship between total body water measured by isotope dilution and chemical composition of the carcass.
Bioelectrical Impedance Analysis
Bioelectrical impedance of all 15 wombats was recorded with a four-terminal bioelectrical impedance plethysmograph (model BIA-101A, RJL Systems, Detroit, Michigan). This instrument delivers an 800-mA current at 50 kHz and measures resistance and reactance of the current. Wombats were anaesthetised and placed in a sternally recumbent position and VacutainerÒ needles were inserted subcutaneously laterally along the midline of the wombat in a similar configuration to that used by Swantek et al. (1992) and Gales et al. (1994) . The first needle was inserted 4 cm from the base of the cranium towards the tail, the second needle 4 cm from the first along the midline. The fourth needle was inserted 7 cm from the tail and the third needle 4 cm along the midline from the fourth needle. The four terminals of the plethysmograph were attached to the needles, allowing the current to pass through the animal. The precision of these procedures was determined by repeating the measurements five times on seven of the wombats. After each measurement, electrodes were removed, the wombat reoriented by 180°and four new electrodes appropriately positioned. Resistance (R) and reactance (Xc) of the current were recorded. These values can be used to calculate impedance (Z), where Further, from KushnerÕs (1992) review of the principles of BIA on humans, an equation for the Ôelectrical volumeÕ (V) can be derived incorporating the length (L), cross-sectional area of the conductor, and the applied signal frequency (r: the specific resistivity, in ohm cm):
The relationships between percentage body fat or percentage body water and BIA measurements such as resistance, impedance and electrical volume were assessed by least-squares linear regression. Further analysis, using multiple linear regression, generated a predictive model for both total body water and total body fat using resistance, impedance and total body mass as predictive variables.
Body-condition Indices and Body-condition Score
The accuracy of three standard body-condition indices to estimate body fat and body protein were assessed by least-squares linear regression. The first index of condition assessed was that described by Krebs and Singleton (1993) . This index is the ratio of observed mass to that predicted from a standard relationship between skeletal size and mass. The second condition index assessed was the body-mass index (Norgan 1994 ) and its derivatives. The body-mass index is calculated by dividing body mass by length (Norgan 1994; Arnould 1995) , or by length raised to the power of two or three. The third index, closely related to the previous two, uses the pes length as the skeletal measurement (Bakker and Main 1980) .
A more subjective body-condition score was also evaluated as a predictor of body fat and body protein. A consensus between observers experienced in variation of wombat body condition allocated a condition score to the wombat at the time of BIA processing. The condition score (Table 1 ) summarises a series of attributes that are assumed to indicate covering of the skeleton with muscle and fat, these being judged visually or by palpation; it is in wide use amongst wildlife managers. Means are quoted with one standard deviation.
Results
Chemical Composition
Chemical analysis accounted for 100.4 ± 1.1% of the original wombat live body mass, with the largest component being water ( Table 2) . The gastrointestinal tract, including contents, accounted for 10.3Ð19.6% of total body mass, whereas the actual contents of the gastrointestinal tract accounted for 4.8Ð16.6% of total body mass. Percentage body fat varied widely between individuals (2.6Ð19.3%). Body mass was not significantly different between the sexes (F 1,13 = 2.06; P = 0.18) or between collections (F 1,13 = 0.62; P = 0.44). Body fat was not significantly different between sexes (F 1,13 = 3.62; P = 0.08) but did vary between collection times (F 1,13 = 7.45; P = 0.02). A significant linear relationship was found between percentage body fat and percentage body water as determined by direct chemical analysis (Fig. 1) . The percentage hydration of lean body mass in southern hairy-nosed wombats was 72.6 ± 1.6% (assuming that body fat is completely free of water). This value is not significantly different from the mean value of Pace and Rathbun (1945) of 73.2% for a range of mammals including rats, guinea pigs, rabbits, cats, dogs and monkeys.
Isotope Dilutions
Both isotopes, 2 H 2 O and H 2 18 O, provided good predictions of total body water (Fig. 2) . Dilution of deuterated water was found to overestimate total body water by 5.0 ± 2.9% and dilution of H 2 18 O was found to underestimate total body water by 2.2 ± 2.7%. The regression Total Body Water by Desiccation (% of body mass) Body Fat by Soxhlet Analysis (%) coefficients of the two lines did not differ significantly (t 15 = 0.104, P > 0.05), but the intercepts were significantly different (t 16 = 3.155, P < 0.05). Body-water pool estimated by isotope dilution using blood samples did not differ significantly from that estimated using gut-water samples (t 7 = 1.439, P > 0.05), suggesting complete or near-complete isotope equilibration with all body water. Isotope dilutions with 2 H 2 O provides a precise measure of body fat with 83% of the variation in body fat explained by variation in isotope dilution space (Fig. 3) . The relationship between body fat and body water by H 2 18 O dilution was not significant (P > 0.05).
Bioelectrical Impedance Analysis
Of the bioelectrical impedance measurements, resistance was found to be the best predictor of both body fat (y = 0.58x Ð 23.02; r 2 = 0.63, F 1,12 = 20.03, P = 0.0008) and body water (y = 91.04 Ð 0.45x; r 2 = 0.53, F 1,12 = 13.67, P = 0.003). The precision of the resistance measurements ranged between 1.86% and 8.94% according to the coefficient of variation. There were significant relationships between impedance (Z) and total body fat (y = 0.56x Ð 22.61; r 2 = 0.59, s.e. = 3.67, n = 14, F 1,12 = 17.03, P = 0.0014), and between Z and total body 654 A. P. Woolnough et al.
Fig. 2.
The relationship between total body water (litres) measured by desiccation and the isotope dilution space of 2 H 2 O and H 2 18 O. H 2 18 O samples were limited to six because of the cost of the isotope. In one case, part of the injection volume was lost so the data (for both isotopes) were not included here. The equation of the line for total body water and total body water predicted by 2 H 2 0 dilution is y = 1.20 + 0.85x (r 2 = 0.97, s.e. = 0.43, n = 14, F 1,1 = 397.79, P < 0.0001). The equation of the line for total body water and total body water predicted by H 2 18 O dilution is y = 3.42 + 0.79x (r 2 = 0.95, s.e. = 0.44, n = 5, F 1,3 = 52.5, P = 0.005).
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water (y = 90.88 Ð 0.44x; r 2 = 0.51, s.e. = 3.41; n = 14, F 1,12 = 12.28, P = 0.004). No significant relationship was found between total body fat and electrical volume (V) (F 1,12 = 1.40, P = 0.26) or between total body water and V (F 1,12 = 0.97, P = 0.34). Multiple regression produced predictions of good precision for total body fat (Table 3 ) using resistance, Isotope Dilution Space (%) Body Fat by Soxhlet Analysis (%) impedance and total body mass (r 2 = 0.90, F 3,10 = 29.22, s.e. = 1.99, n = 14, P < 0.0001). Likewise, multiple linear regression produced predictions of good precision for total body water (Table 3 ) using resistance, impedance and total body mass (r 2 = 0.90, F 3,10 = 29.54, s.e. = 1.64, n = 14, P < 0.0001).
Body-condition Indices and Body-condition Score
Condition indices were found to be less precise at predicting body fat than were isotope dilutions and BIA. Although the relationships between condition index and percentage body fat were linear for some indices (Table 4) , only 4.3Ð38.3% of the variance could be explained. Of the indices described, the body-mass index was the best at predicting body fat (y = 0.11x Ð 16.16, r 2 = 0.38, s.e. = 4.47). Other significant relationships were found for the pes-length index (y = 7.96x Ð 10.40; r 2 = 0.30, s.e. = 4.75), and the Krebs and Singleton (1993) index (y = 20.86x Ð 12.68; r 2 = 0.27, s.e. = 4.87). No relationship was found between condition score and percent body fat (F 1,11 = 0.95, P = 0.35) or percentage body protein (F 1,11 = 0.74, P = 0.41).
Discussion
The development of new methods such as BIA and TOBEC for measuring the body composition of animals has led to a number of recent studies aimed at validating the procedures used to measure body composition, and this, in turn, has refocused attention on the precision and accuracy of different approaches. Standard chemical analysis remains the reference method, although the division of the carcass into water, protein, fat and ash has not changed for at least 100 years. Ecologists remain principally focused on crude fat and its value as an energy reserve with the assumption that this partitioning reflects the ability of the animal to survive in times of nutritional stress and that it also reflects the capacity of the animal to direct energy to reproduction. These methodologies should be validated in a range of species that have different morphologies and lifestyles, because it is clear that assumptions derived from domestic species (e.g. constant hydration of lean body mass) can lead to large errors in wild species (Arnould 1995) .
In the present study, as expected, a strong negative linear relationship was found between total body water (TBW) and fat, but indirect estimates of TBW led to a small but significant error. Deuterium dilution space overestimated TBW by 5% in wombats; this is at the upper end of the range of errors found in other species (Sheng and Huggins 1979) . This error is usually attributed to exchange of the deuterium with non-aqueous H pools such as those in protein and fat (Nagy and Costa 1980) and most probably reflects isotope injection errors and/or analytical (Nagy and Costa 1980) . Of more concern, there was no relationship between body fat and H 2 18 O dilution space. This may reflect the limited number of observations made with this isotope and the narrower range of those observations compared with data derived from the use of deuterated water. Since it is unlikely that H 2 18 O was incorporated into body tissue (Nagy 1980) , the source of this error is uncertain.
Despite these errors, deuterium dilution space provided better estimates of TBW and body fat than those derived by BIA. Previous studies of BIA in wild species have shown a close correspondence between these two measures, but all were concerned with carnivores (seals and bears). The major errors in the BIA procedure involve the position of the animal (Farley and Robbins 1994) , injuries to the animal, and the placement and extent of contact of the electrodes. By carefully controlling these factors, we obtained precise estimates of resistance and reactance. However, the range of resistance and reactance values was low compared with those from other studies (Table 5) , even in species with similar concentrations of body fat to wombats, and this contributed to the relatively large standard error of the regression. This may be due to the large amount of water contained within the gut, relative to body mass, associated with herbivorous habits (Barboza 1989) . This pool would offer little resistance to the passage of current and so reduce the absolute magnitude of values measured.
This gut water volume is included in the estimate of TBW and thus must be recognised in the BIA measurement, but there is some doubt about the extent to which this occurred. Other studies have demonstrated that the resistance value obtained with BIA is sensitive to the degree of hydration of the subject. More specifically, Cha et al. (1995) found that BIA was poor in detecting fluid in the trunk of rats following intraperitoneal injections of saline and concluded that this was because the trunk region had a large cross-sectional area compared with other body compartments. The theory of BIA assumes that the current that is applied passes through all parts of the animal from one electrode to the other. Therefore, we expected that incorporating a measure of electrical volume (which incorporates a measurement of length) into a calibration equation would have provided the best estimate of total body water and total body fat. This did not happen in our study and there was no correlation between composition and electrical volume. This suggests that animals, particularly large herbivores, are far from perfect conductors. Table 5 . Ranges of bioelectrical impedance and body fat in studies of wild animals, domestic animals and humans Source: 1, Gales et al. (1994) ; 2, Farley and Robbins (1994) , C. T. Robbins (personal communication); 3, Arnould (1995) ; 4, present study; 5, Swantek et al. (1992) ; 6, Lukaski et al. (1986 Given the large proportion of total body mass found in the trunk of herbivores such as wombats, multiple linear regression techniques incorporating a body-mass variable did increase the ability of BIA to predict both total body fat and total body water. This suggests that the morphometrics of the conductor, as well as electrical-current components, are important factors when deriving predictions for body fat and body water from BIA measurements.
No body-condition indices correlated closely with body fat. This suggests that the indices examined do not have the ability to predict body fat or protein. Simple repeated measurement of an individualÕs body mass may be more appropriate than standard morphometric indices as indices of body condition in wombats. Similarly, the lack of correlation of the condition score with body fat may be due to fat-deposit sites not being detected by palpation. Intra-abdominal deposits of fat will not be differentiated by the condition score from an animal with a full gastrointestinal tract. Similarly, subtle variations in body fat will not be detected with a crude score if the range of body fat in the population is small (2.6Ð10.7% body fat in males; n = 7). However, the condition score may be most useful in describing animals of very poor or emaciated condition when physical characteristics may provide a better indication of well-being than would body fat.
The choice of method to estimate body composition in the field must involve trade-offs between speed, accuracy and cost. BIA is fast, relatively cheap once the apparatus has been obtained and can offer good predictions of body fat and body water with multiple linear regression techniques. However, many questions still remain unresolved regarding the effects on the measurement of the subject, the nutritional status of the animal and the factors affecting conduction of current through the animal. BIA has proven more successful in studies of wild species that contain substantially more fat than do wombats, such as bears (Farley and Robbins 1994) and seals (Gales et al. 1994; Arnould 1995) . Provided that the time that the animal is under anaesthesia and the cost of stable isotope assays can be controlled, we recommend that it is preferable to use isotopes over BIA in body-composition studies. Where animal-handling time is a concern, such as in studies on endangered species, BIA may be a more practical alternative.
This study has shown that body composition can be estimated accurately in the field by isotope dilution, and to a similar degree of accuracy although considerably more rapidly by BIA. The method of choice must depend on the circumstances of the particular study and the precise question being asked. However, we do not believe that the quantification of crude fat should be the end goal of studies of body composition because the links between total body fat and animal well-being are poorly known. For example, we have little idea what proportion of the total body fat can be mobilised and under what conditions these lipid reserves are used. Pond (1978) has consistently pointed out that a simple knowledge of body fat may in fact be misleading if there are factors that prevent the animal making full use of the stores.
In order to address finer-scale questions about the potential reproductive output in individual wild animals, we need a better understanding of these links. Total body composition is an initial tool but more-useful information may be available with relatively little effort, whether it is using isotopes to study an individualÕs body composition or BIA to examine broad-scale population trends.
